Introduction
============

*Pdcd4* (*programmed cell death 4*) is a tumor suppressor gene that was originally identified as a gene whose expression is increased during apoptosis.^[@bib1]^ Subsequent work has shown that *Pdcd4* is able to suppress tumor development in an *in vitro* mouse keratinocyte model of tumor promotion^[@bib2]^ and in an *in vivo* mouse model of skin carcinogenesis.^[@bib3]^ Decreased expression of *Pdcd4* has been implicated in the development and progression of several types of cancer, including lung, colon, liver and breast cancer.^[@bib4],\ [@bib5],\ [@bib6],\ [@bib7],\ [@bib8]^ Downregulation of *Pdcd4* expression in tumor cells has been linked to increased expression of oncogenic micro-RNA miR-21, which targets the 3′-untranslated region of *Pdcd4* mRNA.^[@bib9],\ [@bib10],\ [@bib11]^ On the protein level, Pdcd4 is regulated by S6K-mediated phosphorylation, which triggers its ubiquitinylation via the E3 ubiquitin ligase complex SCF(βTRCP) and its subsequent degradation.^[@bib12],\ [@bib13]^ Downregulation of Pdcd4 appears to contribute to tumor development at least in two ways: a number of studies have shown that decreased Pdcd4 expression increases the mobility and invasiveness of tumor cells.^[@bib8],\ [@bib11],\ [@bib14],\ [@bib15]^ In addition, decreased Pdcd4 expression has been shown to deregulate the cellular response to DNA damage.^[@bib16],\ [@bib17]^

*Pdcd4* encodes a highly conserved, predominantly nuclear phosphoprotein, which contains two so-called MA-3 domains, occupying the middle and C-terminal parts of the protein, and an N-terminal RNA-binding domain.^[@bib18],\ [@bib19]^ Pdcd4 is able to shuttle between the nucleus and the cytoplasm, and its subcellular localization is controlled by protein kinase Akt-mediated phosphorylation.^[@bib20]^ Several studies have shown that Pdcd4 modulates the transcription of specific genes by affecting the activity of certain transcription factors, including c-Jun,^[@bib21],\ [@bib22]^ Sp1^[@bib15]^ and p53.^[@bib16]^ An example is the upregulation of the *p21* (*Waf1*/*Cip1*) gene after Pdcd4 knockdown, which is due to abrogation of Pdcd4-dependent inhibitory effects on the p300/CREB-binding protein-dependent acetylation of p53.^[@bib16]^ In addition to its role in the nucleus, Pdcd4 acts as a translation suppressor. Pdcd4 interacts with the eukaryotic translation initiation factor eIF4A, a member of the DEAD-box family of ATP-dependent RNA helicases.^[@bib23],\ [@bib24]^ Binding of Pdcd4 to eIF4A is mediated by the MA-3 domains, whose structure and complex formation with eIF4A have been analyzed in detail.^[@bib25],\ [@bib26],\ [@bib27],\ [@bib28],\ [@bib29],\ [@bib30]^ Binding to Pdcd4 inhibits the RNA-helicase activity of eIF4A,^[@bib23],\ [@bib24]^ which is required to unwind secondary structures in the 5′-untranslated regions of certain mRNAs during translation initiation. Pdcd4 is therefore thought to suppress cap-dependent translation of mRNAs with 5′ structured untranslated regions.^[@bib23],\ [@bib24]^ Recently, proto-oncogene c-*myb*, p53 and procaspase-3 mRNAs were identified as natural translational targets of Pdcd4.^[@bib31],\ [@bib32],\ [@bib33]^

The scaffold protein Daxx was initially identified as a protein that binds to the death domain of the CD95 death receptor.^[@bib34]^ This interaction was thought to activate the JNK pathway and, ultimately, to lead to apoptosis.^[@bib34],\ [@bib35]^ However, the precise role of Daxx in apoptosis is controversial, because other work has shown that downregulation of Daxx by RNA interference also leads to increased levels of apoptosis,^[@bib36]^ and disruption of the murine *Daxx* gene results in extensive apoptosis during embryonic development, indicating that Daxx also has antiapoptotic functions.^[@bib37]^ Daxx is primarily a nuclear protein, which resides in the nucleoplasm or associates with the promyelocytic leukemia (PML) bodies, due to its ability to interact with sumoylated PML via a Sumo interaction motif.^[@bib38],\ [@bib39]^ Several splice variants of Daxx that differ at the C terminus and with regard to their ability to interact with PML have been described.^[@bib40]^ Daxx is a well-established regulator of transcription. Daxx binds to the transcriptional coregulators, CREB-binding protein and histone deacetylase, to DNA methyltransferases^[@bib41]^ as well as to numerous transcription factors, including members of the Pax and p53 families, C/EBPβ, ETS1, SMAD4 and glucocorticoid and androgen receptors.^[@bib42],\ [@bib43],\ [@bib44],\ [@bib45],\ [@bib46],\ [@bib47]^ In many cases, Daxx functions as transcriptional repressor, acting either through recruitment of histone deacetylase proteins^[@bib48]^ or in a histone deacetylase-independent manner. An important function of Daxx is the regulation of p53-mediated apoptosis via cooperation with a Daxx/Axin/Hipk2/p53 complex^[@bib49]^ and the DNA-damage-dependent dissociation of the Mdm2/Daxx/Hausp complex.^[@bib50],\ [@bib51]^ The interaction of Daxx with the de-ubiquitinylating enzyme Hausp has been shown to control the stability of Daxx^[@bib52]^ and has also been implicated in the control of the subcellular distribution of the tumor suppressor protein PTEN.^[@bib53]^ As shown recently, Daxx is also involved in chromatin remodeling. Daxx has been identified as a histone H3.3-specific histone chaperone that cooperates with ATRX in chromatin assembly at telomeres.^[@bib54],\ [@bib55],\ [@bib56]^

In the work reported here, we show that Pdcd4 is a novel interaction partner of Daxx. Our work reveals that Pdcd4 modulates the stability and function of Daxx as a cofactor of Hipk2-dependent p53 phosphorylation, thereby providing a novel link between Pdcd4 and the DNA-damage response.

Results
=======

Identification of Daxx as a novel interaction partner of tumor suppressor protein Pdcd4
---------------------------------------------------------------------------------------

We have previously shown that Daxx interacts with the transcription factor C/EBPβ and inhibits its activity.^[@bib47]^ During this work, we coincidentally found that Daxx also interacts with the tumor suppressor protein Pdcd4. [Figure 1](#fig1){ref-type="fig"} illustrates co-immunoprecipitation experiments that demonstrate the interaction of Daxx and Pdcd4. When expression vectors for Flag-Pdcd4 and hemagglutinin (HA)-Daxx were cotransfected, Pdcd4 was co-immunoprecipitated with antibodies against the HA-tag of Daxx. Co-precipitation was not observed in the absence of HA-Daxx. This confirmed the specificity of the co-precipitation and excluded a crossreaction of Pdcd4 with the HA antibodies ([Figure 1a](#fig1){ref-type="fig"}). Conversely, HA-Daxx was co-precipitated with anti-Flag antibody in the presence of Flag-Pdcd4, but not in its absence ([Figure 1b](#fig1){ref-type="fig"}).

Because the high concentrations of the expressed proteins in transfected cells might cause non-physiological interactions, we examined whether Daxx and Pdcd4 can also be co-precipitated from extracts of untransfected cells, that is, when both proteins are expressed at their endogenous levels. Protein extracts from untransfected HeLa cells were immunoprecipitated with anti-Pdcd4 antibodies. [Figure 1c](#fig1){ref-type="fig"} shows that Daxx was co-precipitated with Pdcd4-specific antiserum, while precipitation with the preimmune serum from the same animal or with an unrelated antibody failed to do so. These results confirmed that fractions of Daxx and Pdcd4 are also present in the same macromolecular complexes in unperturbed cells. As the co-precipitation experiments shown in [Figure 1](#fig1){ref-type="fig"} were performed with crude cell extracts, it remains open whether both proteins are direct physical interaction partners or whether other proteins mediate their interaction.

Daxx is a nuclear protein, which is predominantly recruited in a sumoylation-dependent manner to the PML-oncogenic domains where it interacts with the PML protein.^[@bib38],\ [@bib39]^ In addition, a small fraction of Daxx has been shown to be present in the nucleoplasm where it exists in a dynamic equilibrium with the PML-oncogenic domain-associated Daxx.^[@bib57]^ Because only small fractions of both proteins interact endogenously, we were interested to compare their subnuclear localization. To this end, we analyzed the localization of Daxx and Pdcd4 by immunofluorescence, using cells transfected with expression vectors for both proteins ([Figure 1d](#fig1){ref-type="fig"}) as well as untransfected cells expressing them at their endogenous levels ([Figure 1e](#fig1){ref-type="fig"}). These experiments showed that the bulk of both proteins do no show obvious colocalization. Pdcd4 is expressed throughout the nucleus, whereas Daxx shows a speckled pattern, presumably corresponding to the PML bodies. There is no obvious concentration of Pdcd4 in PML bodies, suggesting that they interact in the nucleoplasm. Because only a minor fraction of Daxx is present in the nucleoplasm,^[@bib57]^ this might explain why only a small amount of Daxx is precipitated via Pdcd4 in the experiment shown in [Figure 1c](#fig1){ref-type="fig"}.

The interaction between Daxx and Pdcd4 is mediated by the N-terminal domain of Pdcd4 and the central domain of Daxx
-------------------------------------------------------------------------------------------------------------------

Pdcd4 contains two copies of the so-called MA-3 domain, which mediate the interactions between Pdcd4 and eIF4A, and are generally considered as protein--protein interaction domains. We were therefore interested to investigate whether Daxx also interacts with the MA-3 domains of Pdcd4. To identify the Daxx binding region of Pdcd4, we performed GST pull-down assays, using GST fusion proteins that contain different parts of Pdcd4. As shown in [Figure 2a](#fig2){ref-type="fig"}, bacterially expressed full-length GST-Pdcd4 as well as GST-Pdcd4 (1--157) were able to pull down HA-Daxx from extracts of cells expressing HA-tagged Daxx. HA-Daxx failed to bind to GST and to the part of Pdcd4 containing the MA-3 domains (amino acids 157--469). Thus, in contrast to the well-characterized interaction of Pdcd4 and eIF4A, Daxx binds to Pdcd4 via the N-terminal domain of Pdcd4. Binding experiments with additional GST-Pdcd4 fusion proteins encompassing different parts from the N terminus of Pdcd4 revealed that Daxx binds efficiently to a fusion protein containing amino acids 1--100 of Pdcd4 ([Figure 2a](#fig2){ref-type="fig"}). Taken together with the observation that GST-Pdcd4 (1--50) failed to interact with Daxx, this suggested that crucial residues for Daxx binding map to amino acids 50--100 of Pdcd4.

To confirm the importance of the N-terminal domain of Pdcd4 for binding to Daxx, we coexpressed HA-Daxx with Pdcd4 mutants lacking the N-terminal domain or carrying specific amino-acid substitutions in the N-terminal domain. In these mutants, two clusters of basic amino acids in the N-terminal domain, which are involved in RNA binding by Pdcd4, have been replaced by alanine.^[@bib19]^ As shown in [Figures 2b and c](#fig2){ref-type="fig"}, Daxx was not co-precipitated by these mutants, confirming that the integrity of the N-terminal domain of Pdcd4 is essential for the interaction with Daxx. Taken together, the data shown in [Figures 2a--c](#fig2){ref-type="fig"} indicate that Daxx does not interact with the MA-3 domains but rather with the N-terminal part of Pdcd4.

To map the binding site for Pdcd4 within Daxx, we performed *in vivo* co-immunoprecipitation experiments, using expression vectors for different Myc-tagged Daxx constructs. Coexpression of these constructs with Flag-Pdcd4 showed that Myc-Daxx (241--490) was co-precipitated via Pdcd4, whereas Myc-Daxx (1--240) failed to co-precipitate ([Figure 2d](#fig2){ref-type="fig"}). Myc-Daxx (491--740) comigrated with the immunoglobulin heavy chain of the antibody used for immunoprecipitation, making it impossible to determine whether or not Daxx (491--740) co-precipitates with Pdcd4. We therefore analyzed the samples shown in [Figure 2d](#fig2){ref-type="fig"} also by sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS--PAGE) in the absence of reducing agent to shift the immunoglobulin heavy chain to a different position in the gel. This showed that Myc-Daxx (491--740) also failed to co-precipitate with Pdcd4 ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). Taken together, these data indicated that the binding site for Pdcd4 resides between amino acids 241 and 490 of Daxx.

Attempts to demonstrate interaction of Pdcd4 and Daxx in pull-down experiments using bacterially expressed GST-Daxx proteins have been unsuccessful. It is therefore possible that another protein, a specific covalent modification of Daxx or a specific three-dimensional structure of the relevant part of Daxx that is missing in the bacterially expressed protein, is involved in the binding of Pdcd4.

Pdcd4 competes with Hausp for binding to Daxx and stimulates the turnover of Daxx
---------------------------------------------------------------------------------

To address the functional consequences of the Daxx--Pdcd4 interaction, we decided to investigate the potential influence of Pdcd4 on the interaction of Daxx with known interaction partners. One of the proteins that we studied is the de-ubiquitinylating enzyme Hausp whose binding site in the amino-terminal half of Daxx overlaps with that of Pdcd4. Binding of Hausp has been shown to increase the stability of Daxx by reducing its ubiquitinylation.^[@bib52]^ To address whether Hausp and Pdcd4 compete with each other for binding to Daxx, we co-transfected expression vectors for HA-Daxx and Myc-Hausp together with increasing amounts of a Flag-Pdcd4 expression vector and then analyzed the amount of Daxx interacting with Hausp. As shown in [Figure 3a](#fig3){ref-type="fig"}, a fraction of Daxx was co-precipitated via Hausp (lane 1), whereas no co-precipitation was observed in the absence of Hausp (lane 5). In the presence of increasing amounts of Pdcd4, the co-precipitation of Daxx was strongly diminished (lanes 2--4), indicating that Pdcd4 disrupts the Daxx--Hausp interaction. This observation suggested that Daxx might be prone to degradation when bound to Pdcd4. To find out if the interaction with Pdcd4 decreases the half-life of Daxx, we cotransfected cells with expression vectors for Daxx and Pdcd4, followed by treatment with cycloheximide to block new protein synthesis. The cells were then incubated for different times in the presence of cycloheximide before the total amounts of Daxx and Pdcd4, as well as the amounts of Daxx bound to Pdcd4 were analyzed. The result of this experiment is shown in [Figure 3b](#fig3){ref-type="fig"}. The amounts of Daxx and Pdcd4 present in the total cell extract decreased only slightly during an 11-h time period, consistent with a relatively slow turnover of Daxx. By contrast, the amount of Daxx that was co-precipitated via Pdcd4 decreased much faster. This suggested that the interaction with Pdcd4 shortens the half-life of Daxx, consistent with the displacement of the de-ubiquitinylating enzyme Hausp.

We also used cells transfected with expression vectors for HA-Daxx and Flag-Pdcd4 to analyze the effect of the proteasome inhibitor MG132 on the total amount of Daxx and the amount of Daxx that was co-precipitated with Pdcd4. We reasoned that in case Pdcd4-bound Daxx had a shorter half-life than the bulk of Daxx inhibition of proteasomal degradation would exert a stronger effect on the amount of Pdcd4-bound Daxx than on the total amount of Daxx. Indeed, in cells transfected with expression vectors for Daxx and Pdcd4, treatment with MG132 significantly increased the amount of Daxx bound to Pdcd4 but not the total amount of Daxx ([Figure 3c](#fig3){ref-type="fig"}). A similar experiment was performed with untransfected HeLa cells to analyze the effect of MG132 on the amount of endogenous Daxx co-precipitated with endogenous Pdcd4 ([Figure 3d](#fig3){ref-type="fig"}). As in the experiment shown in [Figure 3c](#fig3){ref-type="fig"}, MG132 significantly increased the amount of Daxx bound to Pdcd4, while the total amount of Daxx was not affected. The results of these experiments are consistent with the notion that Pdcd4-bound Daxx is degraded faster than the bulk of Daxx.

An alternative interpretation of these results would be that the interaction of Pdcd4 and Daxx depends on the presence of an unknown protein with a short half-life. To address this possibility, we were interested to see if a reduction of the amount of Pdcd4 would affect the overall level of Daxx. We therefore performed knockdown experiments employing transient transfection of Pdcd4-specific small interfering RNA (siRNA) ([Figure 3e](#fig3){ref-type="fig"}) or stable expression of Pdcd4-specific short hairpin RNA ([Figure 3f](#fig3){ref-type="fig"}). In both cases, there was a slight increase of the amount of Daxx, supporting the notion that Pdcd4 decreases the half-life of at least a fraction of Daxx.

Pdcd4 disrupts the interaction of Daxx with protein kinase Hipk2 and inhibits Ser-46 phosphorylation of p53
-----------------------------------------------------------------------------------------------------------

Daxx has been shown to act as a scaffold that stimulates the phosphorylation of p53 by the protein kinase Hipk2.^[@bib49]^ Hipk2 interacts with the amino-terminal half of Daxx and phosphorylates the tumor suppressor protein p53 at Ser-46 in response to DNA damage.^[@bib58],\ [@bib59]^ We therefore wondered whether the interaction of Pdcd4 with Daxx would influence the phosphorylation of p53 at Ser-46. To see if Pdcd4 affects the binding of Hipk2 to Daxx, we performed a co-precipitation experiment, using cells transfected with expression vectors for HA-Hipk2 and green fluorescent protein (GFP)-Daxx together with increasing amounts of a Flag-Pdcd4 expression vector. We then analyzed the amount of Hipk2 that was co-precipitated with Daxx. [Figure 4a](#fig4){ref-type="fig"} shows that Hipk2 was efficiently co-precipitated via Daxx (lane 3), whereas no co-precipitation was observed in the absence of Daxx (lane 2), indicating that the co-precipitation was specific and that a significant amount of Hipk2 was associated with Daxx. The co-precipitation of Hipk2 was strongly diminished by increasing amounts of Pdcd4 (lanes 4 and 5), demonstrating that Pdcd4 interferes with the formation of the Daxx--Hipk2 complex.

The data shown in [Figure 4a](#fig4){ref-type="fig"} are consistent with the idea that Pdcd4 disrupts the Daxx--Hipk2 interaction and, as a consequence, suppresses the phosphorylation of p53 at the Ser-46. To investigate whether the manipulation of the Pdcd4 expression level affects the phosphorylation of p53 also in cells not overexpressing Pdcd4, Daxx or Hipk2, we performed a Pdcd4 knockdown experiment and analyzed the level of the phosphorylation of p53. If Pdcd4 suppresses the phosphorylation, we expected the Ser-46 phosphorylation of p53 to increase after knock down of Pdcd4. To address this issue, we used an antiserum whose specificity for phosphorylated Ser-46 of p53 was confirmed by its ability to detect p53 in etoposide-treated but not in -untreated cells ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). [Figure 4b](#fig4){ref-type="fig"} shows that Pdcd4 knockdown indeed increased the phosphorylation of p53 at Ser-46. This experiment, therefore, supports a model in which Pdcd4, by binding to Daxx and disrupting the Daxx--Hipk2 interaction, suppresses the phosphorylation of p53.

[Figure 4c](#fig4){ref-type="fig"} shows that the expression of Pdcd4 was decreased after ultraviolet irradiation concurrent with an increase of the p53 Ser-46 phosphorylation, confirming recent work.^[@bib32]^ Ultraviolet irradiation activates Hipk2 by a signaling pathway involving the checkpoint kinases ATM (ataxia telangiectasia mutated) and ATR (ATM and Rad3-related) and the ubiquitin ligase Siah-1.^[@bib59]^ We were interested to see if the blocking of this pathway by the ATM/ATR inhibitor caffeine would also have an effect on the ultraviolet-induced degradation of Pdcd4. [Figure 4c](#fig4){ref-type="fig"} shows that the decrease of Pdcd4 expression as well as the increase of p53 phosphorylation was abrogated in the presence of caffeine, indicating that ATM/ATR signaling is responsible for the activation of Hipk2 and the downregulation of its inhibitor Pdcd4.

Discussion
==========

We have identified Daxx as a novel protein that is present in a complex with the tumor suppressor protein Pdcd4. Interactions of Daxx and Pdcd4 were demonstrated by *in vitro* pull-down experiments as well as by co-immunoprecipitation *in vivo*, utilizing cells that had been transfected with expression vectors for both proteins. Importantly, Pdcd4 and Daxx were also co-precipitated from extracts of untransfected cells expressing both proteins at their endogenous levels. This demonstrates that Daxx is a *bona fide* interaction partner of Pdcd4. However, this does not imply that the presence of Daxx and Pdcd4 in the same complex is due to their direct physical interaction, as we cannot exclude that other proteins are involved in the interaction.

Mapping experiments showed that the interaction of both proteins is mediated by the central part of Daxx (amino acids 241--492) and the N-terminal domain of Pdcd4 (amino acids 1--150). This part of Pdcd4 contains a large number of hydrophilic and charged amino acids and is predicted to have an intrinsically disordered structure. Such disordered regions are often found in proteins involved in cell signaling and transcriptional regulation and are able to fold into defined structures when they interact with other macromolecules. Intrinsically disordered regions are also interesting because they may fold into alternative structures, which allows them to interact with different partners and to function as nodal points in regulatory networks.^[@bib60],\ [@bib61]^ Analysis of the bacterially expressed N-terminal domain of Pdcd4 by circular dichroism and nuclear magnetic resonance spectroscopy has failed to reveal any stable secondary or tertiary structure in this part of Pdcd4 (LW and MDC, unpublished data), consistent with the idea that this region is intrinsically disordered. In contrast to the C-terminal two-thirds of the protein, which contain two MA-3 domains that form stable structures and allow tight interaction with eIF4A,^[@bib25],\ [@bib26],\ [@bib27],\ [@bib28],\ [@bib29],\ [@bib30]^ the function of the N-terminal domain of Pdcd4 is less well understood at present. Our recent work has demonstrated that the N-terminal domain of Pdcd4 functions as an RNA-binding domain and is required for stable association of Pdcd4 with translational initiation complexes *in vivo*.^[@bib18],\ [@bib19],\ [@bib31]^ The binding of Daxx to the N-terminal domain of Pdcd4 highlights the potential of this domain to interact with protein as well as with RNA interaction partners. Whether there is cross-talk between the Daxx- and RNA-binding activities of Pdcd4 remains to be addressed in future work.

Daxx is sumoylated at several sites and contains two Sumo interaction motifs; hence, protein--protein interactions of Daxx are often mediated by sumoylation of one of the interacting proteins.^[@bib39],\ [@bib45],\ [@bib46],\ [@bib62]^ However, the binding of Pdcd4 and Daxx appears to be Sumo/Sumo interaction motif-independent. A fraction of Daxx in the nucleus is present in the PML oncogenic domains, due to binding of Daxx to sumoylated PML.^[@bib38],\ [@bib39]^ We have not observed a recruitment of Pdcd4 to PML-oncogenic domains, suggesting that Pdcd4 interacts with the nucleoplasmic fraction of Daxx.

To begin to address the functional relevance of the interaction of Daxx and Pdcd4, we have asked if Pdcd4 affects the interaction of Daxx with other proteins of known function whose binding regions within Daxx overlap with that of Pdcd4. Our data show that the binding of Pdcd4 to Daxx disrupts the interaction of Daxx and Hausp, suggesting that Pdcd4 interferes with the de-ubiquitinylation of Daxx by Hausp, leading to increased turnover of Pdcd4-bound Daxx. Furthermore, we have shown that Pdcd4 interferes with the binding of Hipk2 to Daxx and thereby diminishes the Hipk2-dependent phosphorylation of p53 at Ser-46. Phosphorylation of Ser-46 of p53 by Hipk2 is induced by DNA damage and stimulates the activation of proapoptotic genes by p53.^[@bib63],\ [@bib64]^ We have shown previously that the expression of Pdcd4 itself is decreased after induction of DNA damage.^[@bib32]^ Based on our data, we propose a model in which Pdcd4 serves to suppress the activity of p53 in the absence of DNA damage, while the suppressive effect of Pdcd4 is abrogated after DNA damage due to the decrease of Pdcd4. Thus, one role of Pdcd4 appears to be to contribute to the maintenance of a low level of p53 phosphorylation at Ser-46 that is crucial for the homeostasis of unstressed cells. Interestingly, previous work has already demonstrated that Pdcd4 counteracts p53 in unstressed cells on several levels. We have shown that Pdcd4 inhibits the activity of p53 by interfering with the CREB-binding protein-dependent acetylation of p53.^[@bib16]^ More recently, we have found that Pdcd4 suppresses the translation of p53 mRNA.^[@bib32]^ Thus, Pdcd4 affects p53 by several mechanisms, resulting in the suppression of the activity and the synthesis of p53. The multiplicity of these inhibitory mechanisms underlines the importance of the role of Pdcd4 as a guardian of p53 in unstressed cells. Furthermore, the finding that Pdcd4 counteracts p53 on several levels also raises the intriguing possibility that Pdcd4 might also exert pro-oncogenic functions.

P53 has been implicated in numerous aspects of cellular physiology beyond its role in the response to acute genotoxic stress. There is evidence for a role of p53 in the regulation of the cellular energy metabolism and antioxidant function, autophagy, invasion and motility, angiogenesis, differentiation, necrosis and inflammation.^[@bib65],\ [@bib66],\ [@bib67],\ [@bib68],\ [@bib69]^ By affecting p53 expression and activity, Pdcd4 is likely to exert pleiotropic effects on these biological processes and thereby influence the cellular homeostasis. Similarly, the interaction with Pdcd4 might affect other functions of Daxx in addition to its role as a scaffold for p53 phosphorylation. The identification of Daxx as a novel interaction partner of Pdcd4, therefore, opens new perspectives for future studies on the function of Pdcd4.

Materials and methods
=====================

Expression vectors
------------------

Eukaryotic expression vectors for Flag-tagged full-length human Pdcd4, the Pdcd4 mutants Flag-Pdcd4ΔRBD, Flag-Pdcd4mut1, Flag-Pdcd4mut2 and Flag-Pdcd4mut1+2 and the bacterial expression vectors for GST-Pdcd4 fusion proteins have been described.^[@bib18],\ [@bib19]^ Plasmids encoding HA- and GFP-tagged full-length Daxx and GFP-p53 have been described before.^[@bib47]^ The expression vector for Myc-Hausp^[@bib70]^ was obtained from M Maurice. Expression vectors for Myc-tagged Daxx constructs Myc-Daxx (1--240), Myc-Daxx (241--490) and Myc-Daxx (491--740) were gifts from T Matsuda.^[@bib71]^ The expression vector for HA-Hipk2 was obtained from T Hofmann.^[@bib72]^

Cell culture, transient transfections and siRNA experiments
-----------------------------------------------------------

Cells were grown in Iscove\'s modified Dulbecco\'s modified Eagle\'s medium supplemented with 10% fetal calf serum. Transfection of QT6 cells was carried out by calcium-phosphate co-precipitation, as described previously.^[@bib73]^ RNA interference was performed as described.^[@bib32]^

Immunoprecipitation and western blot analysis
---------------------------------------------

For immunoprecipitation, cells were lysed in ELB buffer (50 mℳ Tris/HCl (pH 7.5); 120 mℳ NaCl; 20 mℳ NaF, 1 mℳ benzamidine; 1 mℳ EDTA; 6 mℳ EGTA; 15 mℳ sodium pyrophosphate; 1 mℳ phenylmethylsulfonyl fluoride; 0.5% NP-40). After incubation on ice for 30 min, lysates were centrifuged at 14 000 *g* for 30 min and the supernatant was used as total protein extract. Immunoprecipitations were carried out using aliquots of the total protein extract supplemented with the appropriate antibodies. After 1 h of incubation at 4 °C, protein-A Sepharose beads (GE Healthcare, München, Germany) were added and incubated further for 12 h at 4 °C under constant agitation. Immune complexes were then collected by centrifugation, washed three times with lysis buffer and finally subjected to SDS--PAGE. Immunostaining of proteins transferred to nitrocellulose membranes was performed with the following antibodies: anti-Flag (M2; Sigma-Aldrich, München, Germany), anti-HA (HA.11; Hiss Diagnostics, Freiburg, Germany), anti-Myc (9E11); anti-Daxx (Novocastra Laboratories, Newcastle upon Tyne, UK; NCL-Daxx), anti-Pdcd4,^[@bib16]^ anti-p53 (Sigma-Aldrich), anti-phospho-p53 (Ser-46) (Cell Signaling Technonogies, Frankfurt, Germany) and anti-β-actin (Sigma-Aldrich). Commercial antibodies were usually used at a 1:1000 dilution for western blotting.

GST pull-down assay
-------------------

GST fusion protein expression was induced in cultures of transformed *Escherichia coli* BL21-pLysS bacteria by adding isopropyl-𝒟-thiogalactopyranoside to a final concentration of 0.5 mℳ. After additional 3 h of growth at 37 °C, the bacteria were harvested by centrifugation for 10 min at 5000 *g*. Bacterial pellets were resuspended in GST lysis buffer (50 mℳ Tris--HCl (pH 8.0); 150 mℳ NaCl; 1% Triton X-100; 1 mℳ dithiothreitol; 0.1 mℳ phenylmethylsulfonyl fluoride) and lysed by three freeze--thaw cycles and sonication. An extract of soluble protein was prepared by ultracentrifugation for 1 h at 100000 *g*. Extracts containing 5--10 μg of GST fusion protein were then mixed with 30 μl of glutathione-Sepharose (GE Healthcare) and incubated at 4 °C for 1 h. The sepharose beads were then washed three times with ELB buffer and used for GST pull-down assays as follows: QT6 cells transfected with the appropriate expression vectors were lysed in ELB buffer and aliquots of the lysate were then incubated under constant agitation for 1 h at 4 °C with bacterially expressed GST fusion protein coupled to glutathione-Sepharose. Subsequently, beads were washed three times with ELB buffer. Bound proteins were eluted from the beads by boiling in SDS sample buffer and analyzed by SDS--PAGE, followed by staining with Coomassie Brilliant Blue or western blotting using appropriate antibodies.

Fluorescence microscopy
-----------------------

HeLa cells were seeded on coverslips and analyzed without transfection or were transfected with the desired plasmids. 24 h later, cells were washed with phosphate-buffered saline (PBS) and fixed with 2% paraformaldehyde in PBS for 10 min at room temperature. The cells were then permeabilized with PBST (PBS containing 0.1% Triton X-100) and incubated with blocking buffer (PBST containing 5% bovine serum albumin). Primary antibodies against the Flag-tag (Sigma), Daxx (Novocastra Laboratories) or Pdcd4 (Biomol, Hamburg, Germany) were diluted in blocking buffer and incubated for 1 h at room temperature. Subsequently, cells were washed five times with PBST, followed by incubation with tetramethyl rhodamine iso-thiocyanate-coupled goat-anti-mouse (Sigma-Aldrich), Alexa Fluor 546 Goat Anti-Mouse (Invitrogen, Darmstadt, Germany, A-11030) or Alexa Fluor 488 Goat Anti-Rabbit (Invitrogen A-11034) secondary antibody in blocking buffer for 1 h at room temperature in the dark. Finally, cells were washed five times with PBS, mounted in Aqua Poly/Mount (Polysciences, Eppelheim, Germany) and analyzed by confocal laser scanning microscopy.
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![Co-immunoprecipitation and subnuclear localization of Pdcd4 and Daxx. (**a**, **b**) QT6 cells were transfected with the indicated combinations of plasmids encoding Flag-Pdcd4 and HA-Daxx. Cells were lysed after 24 h and protein extracts were immunoprecipitated with anti-Flag or anti-HA antibodies, as indicated above the panels. Proteins were analyzed by SDS--PAGE and western blotting, using the antibodies indicated below the panels. Analyses of the crude protein extracts (input) demonstrate comparable expression levels of the proteins in the different samples. HA-Daxx and Flag-Pdcd4 are marked by arrowheads. The asterisks mark the immunoglobulin heavy chains of the HA and Flag antibodies. (**c**) Protein extracts of HeLa cells were immunoprecipitated with an antiserum against endogenous human Pdcd4 (lane 2). Controls were performed with preimmune serum from the same animal (lane 3) or with an antiserum against tubulin (lane 4). Total cell extract (lane 1) and precipitated proteins were analyzed by SDS--PAGE, followed by western blotting using an antiserum against Daxx (upper panel) or Pdcd4 (bottom panel). Daxx and Pdcd4 are marked by black arrowheads. The strong diffuse staining in lanes 2--4 at the bottom of the lower panel is due to the immunoglobulins from the antiserum used for immunoprecipitation. (**d**) HeLa cells were transfected with expression vectors for Flag-Pdcd4 and GFP-Daxx. After 24 h, cells were fixed and Flag-Pdcd4 was stained with anti-Flag and tetramethyl rhodamine iso-thiocyanate-conjugated secondary antibody (red). GFP-Daxx was detected using intrinsic GFP fluorescence (green). (**e**) Non-transfected HeLa cells were stained with antiserum against endogenous Pdcd4 (green) and endogenous Daxx (red).](oncsis201237f1){#fig1}

![Mapping of the Daxx and Pdcd4 binding sites. (**a**) GST-pull down experiments were performed with the indicated GST and GST-Pdcd4 fusion proteins, which were incubated with lysates of QT6 cells transfected with an expression vector for HA-Daxx. Bound proteins were analyzed by SDS--PAGE, followed by western blotting with antibodies against the HA-tag. Total protein extract of the transfected cells was used as control (input). Coomassie blue staining of GST proteins used in the pull-down experiments demonstrates comparable protein amounts (lower panels). (**b**, **c**) QT6 cells were transfected with the indicated combinations of plasmids encoding full-length Flag-Pdcd4, N terminally truncated or point-mutated versions of Flag-Pdcd4, and HA-Daxx. Cells were lysed after 24 h and protein extracts were immunoprecipitated with anti-Flag antibodies, followed by SDS--PAGE and western blotting, using the indicated antibodies. Analyses of the crude protein extracts (input lanes) demonstrate comparable expression levels of the proteins in the different samples. The asterisk in panel c marks the immunoglobulin heavy chain of the Flag antibody. The Pdcd4 constructs used are shown schematically at the top of panels a--c. (**d**) QT6 cells were transfected with the indicated combinations of plasmids encoding full-length Flag-Pdcd4 and Myc-tagged Daxx proteins. Cells were lysed after 24 h and protein extracts were immunoprecipitated with anti-Flag antibodies, followed by SDS--PAGE and western blotting with anti-Myc antibodies. Aliquots of the crude protein extracts (input lanes) were analyzed to demonstrate the expression levels and the sizes of the Daxx constructs. The Myc-Daxx (241--490) protein is marked by an arrowhead. Asterisks mark the immunoglobulin heavy chain of the Flag antibody and a nonspecific protein band present in all immunoprecipitates. The Daxx constructs used are shown schematically at the top.](oncsis201237f2){#fig2}

![Pdcd4 disrupts the interaction of Daxx and Hausp and decreases the half-life of Daxx. (**a**) QT6 cells were transfected with the indicated combinations of expression vectors for HA-Daxx, Myc-Hausp and Pdcd4, as indicated below the lanes. Cells were lysed after 24 h and protein extracts were either analyzed directly by western blotting (panels labeled TCE (total protein extract)) or were first immunoprecipitated with antibodies against the HA-tag before western blot analysis (top panel). (**b**) QT6 cells were transfected with expression vectors for HA-Daxx and Flag-Pdcd4. At 24 h after transfection, 50 μg/ml cycloheximide was added to the growth medium and the cells were harvested immediately or after growing them for additional times, as indicated at the top. Cell extracts were immunoprecipitated with anti-Flag antibodies, followed by SDS--PAGE and western blotting with anti-HA antibodies (upper panel). Aliquots of the TCEs were analyzed with the indicated antibodies to demonstrate the Daxx and Pdcd4 expression levels (lower panels). (**c**) QT6 cells were transfected with expression vectors for HA-Daxx and Flag-Pdcd4. The cells were incubated with or without 10 nℳ MG132 for 4 h before they were lysed and immunoprecipitated with anti-Flag antibodies, followed by SDS--PAGE and western blotting with anti HA antibodies (upper panel). Aliquots of the TCEs were analyzed with the indicated antibodies to demonstrate the total expression levels of the proteins (lower panels). (**d**) HeLa cells were incubated with or without 10 nℳ MG132 for 4 h before they were lysed. Cell extracts were then immunoprecipitated with anti-Pdcd4 antibodies, followed by SDS--PAGE and western blotting with anti-Daxx antibodies (upper panel). Aliquots of the TCEs were analyzed with the indicated antibodies to demonstrate the expression levels of endogenous Daxx, Pdcd4 and β-actin (lower panels). To demonstrate the MG132-dependent increase of co-precipitated transfected or endogenous Daxx, the upper panels of (**c**) and (**d**) were exposed for a short time only. Daxx co-precipitated from cells not treated with MG132 is therefore only weakly visible. (**e**) MCF7 cells were transfected with control siRNA or Pdcd4-specific siRNA. The cells were analyzed after 2 days by western blotting for the expression of Daxx, Pdcd4 and β-actin. (**f**) HeLa wild-type cells or a clone of HeLa cells stably expressing Pdcd4-specific short hairpin RNA (HeLa-K11) were analyzed as described in (**e**).](oncsis201237f3){#fig3}

![Pdcd4 inhibits Ser-46 phosphorylation of p53. (**a**) QT6 cells were transfected with the indicated combinations of expression vectors for HA-Hipk2, GFP-Daxx and Flag-Pdcd4, as indicated below the lanes. Cells were lysed after 24 h and TCEs were either analyzed directly by SDS--PAGE and western blotting with the indicated antibodies or were first immunoprecipitated with antibodies against GFP (second panel from top) before western blot analysis. Hipk2 co-precipitated via Daxx is marked by an arrowhead. (**b**) MCF7 cells were treated with Pdcd4-specific or control siRNA for 48 h. TCEs were subsequently analyzed with antibodies against Pdcd4, p53 and β-actin. In addition, p53 was first immunoprecipitated from the cell extracts and the immunoprecipitates were then analyzed by western blotting with phospho-p53- (Ser-46) specific antibodies. (**c**) HEK293 cells were UV irradiated (50 J/cm^2^) in the presence or absence of caffeine (concentration 6 mℳ). Unirradiated cells served as control. At 4 h after irradiation, TCEs were analyzed by western blotting with antibodies against Pdcd4, phospho-p53(Ser-46) and β-actin.](oncsis201237f4){#fig4}
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